+ cytotoxic T lymphocytes (CTLs) play a critical role in limiting the replication of human immunodeficiency virus type 1 (HIV-1) and in determining the outcome of the infection, and this effect may partly depend on which HIV product is preferentially targeted. To address the correlation between HIV-1-specific CTL responses and virus replication in a cohort of former plasma donors (FPDs), 143 antiretroviral therapy naive FPDs infected with HIV-1 clade B' strains were assessed for HIV-1-specific CTL responses with an IFN-γ Elispot assay at single peptide level by using overlapping peptides (OLPs) covering the whole consensus clade B proteome. By using a Spearman's rank correlation analysis, we found that the proportion of Gag-specific CTL responses among the total virus-specific CTL activity was inversely correlated with viral loads while being positively correlated to CD4 counts, as opposed to Pol-and Env-specific responses that were associated with increased viral loads and decreased CD4 counts. In addition, Vpr-specifc CTL responses showed a similar protective effect with Gag responses, but with a much lower frequency of recognition. Significantly, we also observed an association between
Introduction
A variety of studies have demonstrated the role of human leukocyte antigen class I (HLA-I)-restricted cytotoxic T lymphocyte (CTL) responses in driving and shaping human immunodeficiency virus type 1 (HIV-1) evolution in vivo as well as the associations of particular HLA genotypes with HIV transmission and disease progression to AIDS. This gives rise to the hypothesis that CTLs against particular epitopes restricted by different HLA molecules may differ in their ability to control HIV replication [1] [2] [3] [4] , with a superior role of Gag-specific responses [5] [6] [7] [8] . Two main explanations for Gag's beneficial role in HIV-1 viral control include its early efficient expression, processing and presentation in the cell [9, 10] and functional constraints leading to a high fitness cost when escape mutations occur at certain regions [11, 12] . However, there are also a number of studies questioning the role of Gag-specific CTL responses, but in most of these studies, association between viral control and CTLs was analyzed with total virus-or Gag-specific responses [13] [14] [15] . Recent studies associated the proportion of Gagspecific CTL responses among the total virus-specific CTL activity with viral control, while the breadth and magnitude of the total virus-specific CTL responses did not show this significant association [6, 8] . Hence, characterizing virus-specific CTL responses at single peptide levels and addressing the correlation between CTL responses and virus control in a population that is genetically different from previously-studied Caucasian and African cohorts will extend efforts to identify the correlates of immune protection against HIV-1. Here we investigated the HIV-1-specific CTL responses against overlapping peptides (OLPs) covering the entire consensus HIV-1 clade B proteome using the interferon (IFN)-γ Elispot assay in a former plasma donor (FPD) cohort of 143 individuals with chronic, untreated HIV-1 clade B' infection in China. Correlations between HIV-1 proteinspecific CTL responses and plasma viral loads or CD4 counts were calculated for each of the HIV-1 proteins.
Results

Frequent recognition of Gag in HIV-1 clade B' infected Chinese HIV-1 patients
CTL responses against the HIV-1 proteome were evaluated by using IFN-γ Elispot assays. HIV-1 proteins were recognized with different frequencies by the study population ( Figure 1 (Table 1) . Taken together, these data reflect the dominance of Gag-specific T-cell responses within this cohort.
Relative dominance of Gag-specific CTL responses is associated with immune control
To explore the correlation between CTL responses and immune control of HIV-1 infection, many studies directly compared viral loads (or CD4 counts) to the npg total breadth and magnitude of IFN-γ responses against HIV-1 proteins, and controversial results were obtained [13, 14, 16] . More recently, several studies focused on the relative dominance of CTL targeting, and suggested that the preferential targeting of Gag but not the absolute value of Gag-specific CTL responses was associated with viral control [6, 17] . In the present study, both the total breadth and magnitude of immune responses directed against individual OLPs spanning all HIV products and their relative contribution to the total virus-specific CTL activity were assessed and compared to viral loads as well as CD4 counts to get comparable data with other studies based on diverse cohorts, which maintain viral and host genetic heterogeneity. First, we examined the correlation of CTL responses with viral loads using Spearman's rank order correlation analysis and found that there was a positive correlation between the cumulative magnitude of total HIV-specific CTL responses and viral loads (r s = 0.1926, P = 0.0212). When the breadth of total responses was compared to viral loads, no significant correlation was found. The magnitude and breadth of Pol-and Env-specific CTL responses were found to be positively correlated with viral loads (Pol-magnitude: r s = 0.3255, P < 0.0001; Polbreadth: r s = 0.2618, P = 0.0016; Env-magnitude: r s = 0.3785, P < 0.0001; Env-breadth: r s = 0.337, P < 0.0001) (Figures 2A and 3A , Supplementary information, Table  S1 ), as well as the magnitude but not breadth of Nefspecific CTL responses (Nef-magnitude: r s = 0.1979, P = 0.0178). In addition, an inverse correlation between Vprspecific responses and viral loads was observed for both magnitude and breadth (Vpr-magnitude: r s = −0.2001, P = 0.0165; Vpr-breadth: r s = −0.2034, P = 0.0148).
When correlation between IFN-γ responses and CD4 counts was analyzed, a weak negative association between the Vpu-specific responses and CD4 counts was observed (Vpu-magnitude: r s = −0.1694, P = 0.0431; Vpu-breadth: r s = −0.1691, P = 0.0435). Furthermore, we found that an increased breadth of CTL responses targeting Vpr was associated with elevated CD4 counts (Vpr-breadth: r s = 0.1655, P = 0.0483). No other total or protein-specific responses were associated with CD4 counts (Supplementary information, Figures S1A, S2A and Table S1 ).
Similar to previous studies [6, 17] , we next calculated the relative magnitude and relative breadth of proteinspecific responses by comparing the magnitude of protein-specific responses to the magnitude of total HIV-1-specific responses and by comparing the number of targeted OLPs in a protein to the total number of recognized OLPs, and then examined the association between viral loads as well as CD4 counts and the contribution of HIV-1 protein-specific responses to total responses. Interestingly, while overall Gag-specific responses were not associated with viral loads and CD4 counts, we observed a statistically significant inverse correlation between viral loads and the contribution of Gag-specific responses to the total magnitude of CTL responses (relative Gag-magnitude: r s = −0.2874, P = 0.0005; relative Gag-breadth: r s = −0.3139, P = 0.0001) (Figures 2B and 3B, Supplementary information, Table S1 ). Moreover, we also found a statistically significant positive correlation between CD4 counts and the relative proportion of Gag-specific CTL responses (relative Gag-magnitude: r s = 0.2442, P = 0.0033; relative Gag-breadth: r s = 0.1682, P = 0.0447) (Supplementary information, Figures S1B, S2B and Table S1 ). In contrast, comparison between the relative magnitude and breadth of Nef-specific responses and viral loads or CD4 counts did not yield significant associations though there was a direct correlation between viral loads and the magnitude of Nef-specific responses. The contribution of Pol-and Env-specific The prominent role of Gag-specific CTLs in HIV viral control 906 responses to total response was found to be positively correlated with viral loads (relative Pol-magnitude: r s = 0.2292, P = 0.0059; relative Pol-breadth: r s = 0.2088, P = 0.0123; relative Env-magnitude: r s = 0.3346, P < 0.0001; relative Env-breadth: r s = 0.3311, P < 0.0001) (Figures 2B and 3B, Supplementary information, Table  S1 ), while for the contribution of Vpr-specific response to total response, an inverse correlation with viral loads (relative Vpr-magnitude: r s = −0.2371, P = 0.0043; relative Vpr-breadth: r s = −0.209, P = 0.0123) and a positive correlation with CD4 counts were found (relative Vprmagnitude: r s = 0.178, P = 0.0334; relative Vpr-breadth: r s = 0.1671, P = 0.0461) (Supplementary information, Table S1 ).
Since multiple Spearman's rank correlation analyses were performed in this study, we performed Benjamini and Hochberg False Discovery Rate procedure to reduce the overall false positive rate. Some of the comparisons (e.g., the correlations between Vpu-specific response and CD4 counts) lost the significance after correction of multiple testing (Supplementary information, Table S1 ).
However, the main findings such as the negative correlation with viral load of the relative dominance of Gagspecific CTLs as well as the positive correlations with viral load of CTLs against Pol and Env remain statistically significant under more stringent tests (Supplementary information, Table S1 ).
HIV-1-specific CTL responses among elite controllers and AIDS patients
Two extreme disease progression groups -HIV-1 elite controllers (viral load < lower detection limit (LDL), CD4 count > 500/mm 3 , n = 14) and AIDS patients (CD4 count < 200/mm 3 , n = 17) were selected for detailed analysis of the relationship between HIV-induced CTL responses and disease progression ( Figure 4A and Supplementary information, Table S2 ). When examining single OLP-specific CTL responses, we found that nine OLPs were targeted with significantly different frequencies between the two groups based on a Fisher's exact test. Among the nine OLPs, four Gag-OLPs, two VprOLPs and one Pol-OLP were significantly overrepresent- (Table 2 and Figure 4B ). With correction of multiple testing, all the significant differences of the nine OLPs disappeared (P > 0.05). However, considering that up to 413 peptides are used in the present study, multiple testing corrections might be too stringent. Of note, two of the four Gag-OLPs contained previously defined CTL epitopes, KRWIILGLNK (Gag residues 263-272) and ISPRTLNAW (Gag residues 147-155), the recognition of which has been repeatedly associated with slow HIV/AIDS progression. The recognition of these "good" OLPs may have an implication in the control of HIV/AIDS progression. It is worthy to check whether the other five OLPs also contain such "good" epitopes. Next, the level of HIV-1-specific CTL responses (evaluated by magnitude and breadth) and the contribution of each protein-specific CTL response among total responses (evaluated by relative magnitude and relative breadth) were compared between the two groups by using Mann-Whitney tests. There was no statistically significant difference between cumulative magnitude and breadth of the total HIV-specific CTLs between the two groups (P > 0.05). The Vpr-induced CTL response of elite controllers was significantly stronger compared to AIDS patients (Vpr-magnitude: P = 0.0049, Vpr-breadth: P = 0.0048) (Supplementary information, Table S2 ). Additionally, there was a significantly higher relative magnitude of Gag-specific responses in elite controllers compared to AIDS patients, while differences between the relative breadth of responses approached statistical significance (relative Gag-magnitude: P = 0.0033, relative Gag-breadth: P = 0.0707). We also found that the relative magnitude and relative breadth of Vpr-specific CTL responses induced in elite controllers were significantly higher than that of AIDS patients (relative Vprmagnitude: P = 0.0045, relative Vpr-breadth: P = 0.0049). To address the relationship between the host HLA-I alleles and disease control, the HLA allele distribution among the two different disease progression groups was compared using a Fisher's exact test, and no statistically significant difference was found. Of note, the number of subjects enrolled in this analysis is relatively small, which may have significantly influenced the statistical Figure  5A ). To determine whether these associations between viral loads and the three HLA-I alleles were independent, we did a linkage disequilibrium analysis using the HLA Analysis Tools supported by Los Alamos HIV 
Discussion
The main objective of this study was to characterize virus-specific CTL responses at single peptide level and to investigate their correlations with virus control in a FPD cohort with chronic, untreated HIV-1 clade B' infection. Based on epidemiological investigation, most of these FPDs were infected between 1992 and 1995 through unregulated commercial plasma collection by using contaminated blood collection equipment or by re-infusing pooled erythrocyte concentrations to donors; this practice was discontinued at the end of 1995 [18, 19] . These unusual HIV-infected FPDs represent a unique population to study HIV/AIDS disease progression because the outbreak of HIV-1 infection occurred within a narrowed period of time and the majority of FPDs were infected with very similar virus strains [20, 21] .
In line with previous studies [8, 22] , we observed that Gag was the most frequently recognized protein in the HIV-1 B' infection, followed by Pol, Env and Nef. The auxiliary HIV-1 proteins Vif, Vpr, Vpu, Tat and Rev were less frequently targeted by CTL responses, which may be due to their high sequence variability or small size [23] . Seven OLPs from p24 protein of Gag and six OLPs within the central part of Nef were recognized by >20% of subjects, indicating these conserved regions are highly immunodominant. To some extent, the discordance of the test peptides and the individual's autologous virus sequence may underestimate the true responses particularly for more variable parts of the HIV products. On the other hand, the persistent stimulation of conservative epitopes would be beneficial for the establishment and maintenance of a pool of memory T cells, which could be more easily detected by the assay used here. However, HIV-1 Pol, a highly conserved gene product with functional constraints, was targeted by up to 86.71% subjects at protein level but with a much lower recognition frequency at single peptide level when compared with Gag or Nef. Moreover, Vpr, which is also conserved, was recognized much less frequently than Gag in the present study, even when compared with the average recognition frequency of OLPs. Therefore, the conservation of certain proteins perhaps is not sufficient to account for the differential recognition observed. The expression level of HIV proteins may be another factor impacting the recognition of viral proteins by CTL. The conserved Gag/GagPol ratio of 20:1 in infected cells may be favorable to the maintenance of virion infectivity [24, 25] . The higher level of Gag gene expression can trigger a stronger CTL response. Furthermore, the Gag epitopes were derived from incoming virions and presented merely 2 h post infection, before integration and viral protein synthesis [26] . As a consequence, Gag-specific CTL responses can be easily induced before Nef-mediated MHC class I downregulation. The above reasons may partly explain why Gag was almost always found to be the most immuodominant region in the relevant studies.
The superior role of Gag-specific CTL responses in 
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npg the control of HIV-1 infection has been suggested repeatedly [5, 7, 8, 16, 27] . In recent investigations, certain epitopes within Gag protein are consistently identified to have a fitness cost when mutation occurs at particular amino acid sites, such as KK10 (KRWIILGLNK) restricted by HLA-B*27 [28] , TW10 (TSTLQEQIAW) and IW9 (ISPRTLNAW) restricted by HLA-B*57/5801 [29] and KP9 (KKFGAEVVP) restricted by Mamu-A*10 [30, 31] . The loss of viral replicative capacity of escape variants may contribute to the conservation of HIV-1 proteins with structural and functional constraints like Gag-p24 and Pol-RT [32] . It can be speculated that the CTL responses against these critical epitopes can strongly control HIV replication by applying a strong selection pressure on HIV, which would result in fitness cost. However, in this study, when we compared viral loads to the cumulative breadth and magnitude of IFN-γ responses against Gag, no statistically significant correlation was found. Moreover, a statistically significant positive correlation between viral loads and Pol, Env, Nef and total responses was observed. By using the analytical method introduced by Rosario Zuñiga et al. [6] , we correlated lower viral loads and higher CD4 counts (slow disease progression) with the relative dominance of Gagspecific CTL responses, while the relative dominance of Pol-and Env-specific CTL responses was correlated with increased viral loads and decreased CD4 counts (fast disease progression). These results confirm the notion that CTL responses to different HIV proteins may have discordant associations with viral loads, and that Gagspecific responses have a superior role in the immune control of HIV infection [6, 8] . It seems that the CTL response against Pol and Env might not only be ineffective but also harmful for the HIV/AIDS control, as the broad activation of the immune system may awaken the HIV-1 latent reservoir in resting CD4 + T lymphocytes and accelerate the spread of HIV in vivo. The upregulation of negative immunoregulatory elements, such as PD-1, CTLA-4 and Treg, following systemic activation caused by vast but ineffective CTL responses targeting Pol and Env may also play an important role in the failure of immune control [33, 34] . In contrast, because of the strong selection pressure that Gag-specific CTL responses apply to the virus as noted above, the replication of virus would be better controlled in patients with a relative dominance of Gag-specific CTL responses. Thus, the balance between "good" responses (e.g., against Gag) and "bad" responses (e.g., against Env or Pol) might be a key mechanism of immune control in chronic HIV-1 infection, which was largely restricted by HLA alleles. On this basis, the discrimination of "good" epitopes and "bad" epitopes and their restriction of HLA alleles will provide more clues to the correlates of immune control. It is foreseeable that the so-called "good" epitopes may tend to cluster in Gag compared to Env or Pol. These findings about the immunodominance of Gag-specific CTL response and its definite association with the relative viral control should be given critical consideration in vaccine design.
Despite its small size, Vpr elicits many crucial effects including inhibition of cell proliferation, induction of apoptosis and modulation of a number of immune molecules [35, 36] . Like Gag, the structural and functional constraints of Vpr could be in part responsible for determining the induced immune evasion and the replication fitness of HIV-1 [37] . In our study, an inverse correlation between Vpr-specific responses as well as the contribution of Vpr-specific response to total response and viral loads was observed. These data enunciate the comparable effect of Vpr-specific response with Gag-specific response. However, Vpr-specific CTLs were only detected in 16.78% of the population, which may limit its utility for the design of CTL-based HIV vaccine.
The mechanisms responsible for controlling viral replication in elite controllers remain largely unknown. Several recent studies have associated this control of HIV-1 replication with CTL response, suggesting that a strong CD8 + T cell response with multifunctional activity including the production of multiple cytokines, the proliferative potential and the expression of some unique immune phenotypes is a major mechanism of the control of viral replication [34, [38] [39] [40] . Since our study was cross-sectional in design and only a single cytokine was examined, it is difficult for us to precisely elucidate the contribution of CTL response to the full control of HIV replication in these rare elite controllers. However, the potential importance of Gag and Vpr as CTL targets was suggested again in our study with significantly higher relative dominance of Gag-and Vpr-CTL responses observed in elite controllers compared to that of AIDS patients. We also found some OLPs with significantly different frequency of recognition in elite controllers and AIDS patients in the present study. Further studies including HIV sequencing and definition of HLA-restricted optimal epitopes would help to determine whether any escape mutations within the OLPs mainly recognized by elite controllers would result in a fitness cost to HIV.
Some HLA alleles including B*27 and B*57 have been demonstrated to have consistent associations with control of HIV/AIDS [3] . However, no such HLA associations with HIV/AIDS control were found in this study. Nevertheless, HLA-A*30/B*13/Cw*06, which is one of the main three-loci haplotypes in the Chinese Han population [41] , was shown to be associated with low viral loads in this study. While HLA-B*13 has been pre- viously linked with successful HIV/AIDS disease control [42] [43] [44] , the association of A*30 and Cw*06 alleles with HIV control has not been reported. Honeyborne et al. [44] suggested that the advantage of HLA-B*13 for HIV-infected individuals is contributed by the targeting of Gag epitopes. This opinion was partly confirmed by our study since an inverse correlation between Gag-specific CTL response and viral loads was observed in the individuals expressing the HLA-A*30/B*13/Cw*06 haplotype. However, we cannot be sure whether HLA-B*13 plays the effective role in the immune control together with the other two alleles, which have a linkage disequilibrium with B*13.
In summary, this study extends prior efforts and demonstrates that the relative dominance of Gag-specific CTL responses is associated with virus control by analyzing association between HIV-1 protein-specific CTL responses and plasma viral loads or CD4 counts in HIV-1-infected FPDs. The contribution of Gag-specific CTL responses to the advantage of HLA-A*30/B*13/Cw*06 haplotype with the control of viral replication further suggests the effectiveness of Gag-specific CTL responses. Further studies about the role of HLA-related viral escape mutations caused by CTL responses and other mechanisms in the control of viral replication in the longterm surviving HIV-1-infected individuals in this cohort may provide useful information to the development and evaluation of HIV vaccines or immunotherapy.
Materials and Methods
Study subjects
In all, 143 FPDs infected with HIV-1 clade B' were recruited from Han Chinese at Anhui and Henan provinces, located in central China. All individuals were antiretroviral therapy naive at the time of study. The study subjects consist of 84 males and 59 females, with an average age of 43 years (30-65 years). The medians for CD4 counts and plasma viral loads were 415 cells/mm 3 (27-1 153 cells/mm 3 ) and 27 500 copies/ml (< 50-4 500 000 copies/ ml), respectively. All subjects were diagnosed with HIV infection by using GENELABS HIV BLOT 2.2 Kit (Genelabs) for at least 5 years. The study was approved by the Institutional Review Boards of National Center for AIDS Control and Prevention, the Chinese Center for Disease Control and Prevention, and all subjects provided written informed consent.
Preparation of peripheral blood mononuclear cell
Peripheral blood mononuclear cells (PBMCs) were prepared from whole blood by density-gradient centrifugation on FicollHypaque (Amersham Biosciences). After being washed twice with Hank's solution, the pellet was resuspended in R10 medium (RPMI 1640 that contained 10% fetal bovine serum, 100 U/ml penicillin, 100 µg/ml streptomycin and 2 mmol L-glutamine/l) and counted by microscope. The final concentration of PBMC was adjusted to 1.0 × 10 6 cells/ml.
Synthetic HIV-1 peptides
In all, 413 synthetic 15-20 amino-acid long peptides, overlapping by 10 amino acids and spanning the entire HIV-1 clade B consensus sequence, were synthesized at the Massachusetts General Hospital (MGH) Peptide Core Facility on an automated peptide synthesizer using Fmoc technology.
Elispot assay
Elispot assays were carried out as described previously [45] . Briefly, PBMC isolated by Ficoll-paque TM Plus (Amersham Biosciences) density gradient centrifugation were plated in 96-well Elispot plates with polyvinylidene fluoride (PVDF) membrane that had been precoated with 100 µl of anti-human IFN-γ monoclonal antibody (0.5 µg/ml, Mabtech, Stockholm, Sweden). PBMCs were plated at a concentration of 100 000 cells/well in a volume of 100 µl of RPMI 1640 medium supplemented with fetal calf serum (10%), Hepes buffer (10 mM), L-glutamine (2 mM) and penicillinstreptomycin (50 U/ml). Corresponding clades B peptides were combined into pools of four to six peptides and tested individually when a peptide pool gave a positive response. The final concentration of the peptides in each well was 10 µg/ml. Plates were incubated overnight at 37 °C, 5% CO 2 and developed the next day as described previously [45] . Wells containing PBMC and medium with PMA/ionomycin or without any peptide were used as positive or negative controls, respectively, and run in triplicate on each plate. To calculate the number of specific T cell responses, the number of spots in the negative control wells was subtracted from the counted number of spots in each well. Responses were considered positive if there were > 50 spot-forming cells (SFC)/10 6 PBMC after subtracting background of the mean number of SFC of the three control wells for at least three times.
HLA class I typing
HLA typing was performed by polymerase chain reaction sequence-specific primers using a commercially available typing kit (PCR-SSP; HLA-ABC SSP Morgan™ Kits, Texas Biosystems, Inc.).
Viral load testing
Plasma viral loads was performed using the Amplicor ultrasensitive assay (Hoffman La Roche, Nutley, NJ, USA) according to the manufacturer's instructions, which has a LDL of 50 copies HIV-1 RNA per ml.
CD4 count testing
CD4 count from EDTA anticoagulated whole blood was performed by using TruCounts (FITC-CD3Ab, PE-CD4Ab, PerCPCD45Ab and APC-CD8Ab) (BD, USA) and FACS Calibur (BD, USA).
Statistical analysis
Statistical analysis and basic graphical delineation were performed using SigmaPlot 10.0, SigmaStat 3. npg of detection (50 RNA copies/ml) were assigned a value of 49 for statistical analysis.
